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LIST OF SYMBOLS

Cd particle drag coefficient

C particle specific heat

C gas specific heat

D particle diameter

m density per unit volume of a particle

[ mass flow rate of particles

M Mach number

p P pressure

Pr Prandtl number

R gas constant

Re Reynolds number

T temperature

u x-direction velocity component *

v y-direction velocity component

W speed '

ex axial coordinate along nozzle axis

Sy radial coordinate measured from nozzle axis

Mach angle

isentropic exponent

0 streamline angle with resrect Lo nozzle axis

-u viscosity

density per unit volume

Subscripts

p particle property

x partial derivative vith respect to x

y partial derivative with respect to y

I x-•i . -



IABSTRACT-
A study was conducted to numerically treat a

mixture composed of a gas and solid particles in a vkupersonic,

axisymmetric nozzle. The governing equations are a set of eight

first order, quasi-linear, partial differential equations.

Seven of these equat.ions are of the hyperbolic type when the

flog is supersonic (based on the frozen speed of sound in the

gas) and can be solved by the method of character--stics. The

e..gbth equation (the particle continuity equation) is rewritten

as an integral equation to be solved. The resulting seven

compatibility equations and the seven characteristic equations

(only four are distinct; the t. gas Mach lines and the gas

and particle streamlines) are solved by the modified Euler

predictor- corrector algorithm. These equations were programmed
S: -for an IBM 1-130 computer. A sample nozzle calculation is given

and compared with the one-dimensional calculations. These

I results indicate that the program is working correctly.
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I. INTRODUCTICN

SThe purpose of the present investigation was to
numerically treat a mixture of a gas and seli4 particles in

an axisymmetric, supersonic nozzle. The study was primarily

intended for industrial particle micronization processes. In

this process solid particles are fluidized and entrained
by a high pressure air flow. The mixture is ther exp~nded

through a converging-diverging nozzle. The solid particles are

accelerated during this expansion and impact a target downstream

of the nozzle exit plane. If the particles have sufficient

momentum they are broken upon impact. This process is repeated

until the desired particle sizes are obtained.

The interest in the present study was not so much

to determine two-dimensional particle velocities but rather to

be able to investigate non-uniform particle distributions in

each nozzle plane. One of the inherent restrictions in one-

w dimensional gas solid-particle analyses is that the particles
are uniformly distributed in each nozzle plane, However,

experimental studies definitely show that most of the particles

are concentrated near the nozzle center line. To treat the

problem of nonuniform particle distribution it is necessary

to formulate the problem in two iimensions.

Riethmullerl hxs done an extensive literature survey

on gas-solid particle flow analyses and experiments. Therefore,

only articles thet are directly pertinent to this analysis

are referenced in this report.

.- 3
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II. GOVERNING EQUATIONS

The supersonic motion of most compressible

fluid3 encountered in nozzle expan3ion flow can be accurately

described by the governing equations of an inviscia fluid.

The basic assumptions Vhich constitute such a &as dynamic model

are : (1) continuum, (2) steady, (3) inviscid, (4) adiabatic,

and (5) the gas composition is frozen. The resulting partial

differential equations can be treated by the well known

technique of the method of characteristics. For axizymnetric

or two-dimensional nozzles this method transforms the partial

differential equations into a system of differential equations

which are valid along certain characteristic directions in the

"flow field.

'-he transformed equations are much simplerto solve

and this fact led Kliegel 2 to attempt a similar analysis for

a mixture of a gas and solid particles. The major assumption

necessary 7--r such a gas-solid particle analysis is that the

particles behave as a continuum. Clearly, this assumption is

physically unrealistic. That it yields good engineering results

is another question. Kliegel hasshown that the results are

in good agreement with observation for rocket engine applications

"for moderate loadine ratios and small particle sizes. Similar

comparisons will be required for particle micronization pro-esses

to determine the -applicability of this assumption. However,

it would appear that, even for particle micronization processes

this assumption should give useful engineering results for

moderate loading ratios of small particles.

The equations governing the steady axisymmet!ie flow

of a mixture of a gas and solid particles are derived by
iHoffman and Thompson 3 . The assumptions necessary for these

derivations-are : (1) the gas is inviscid except for its

y .- interactions with- the solid part*-tcles, (2) the mixture mass and

".-mixture energy of the system are constant, (3) the volume
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occupied by the solid particles is negligible, (4) the

thermal motion of the solid particles is negligible,()

the solid particles do not iýnteract, (6) tht drag and heat

transfer characteristics of an actut.l particle zheape and the

size distribution of particles can be represented by sphericalj

particles of a single size, (T) the internal temperature of

each solid particle is uniform, (8) energy exchange betwueen

the gas and the solid particles occurs by convection only,j

r(9) the onyforce acigon the solid particles is the

viscous drag fo-es, (10) no mass transfer between the gas

and the solid particles, and (11) no phase change.

Based on these assumptions, the following equations

govern the gas-solid particle flow

Ux + Ty + px + Py +P

fPUU + ovu y + P + Ap (u - u) 0(1-)

Puv x + PvV + Py +AIDp (V -v p 01-3

up + vP - a2u0  - a2v0  - ABp 0 (14jx y x yP

0 u- + P) y + U P + V P + P y /Y 0 (13
p pX P pY P Px P Py P P

P u u + v u - A(u - u )j 0 (11-6)
p p PpX P Py P

u [ v + V V - A (y -vp) 1 (I1-T)

u [ T + v T + -AC (T -T) 1 0 (18
P P~X p 3 p

where

C o(u -1~

P P

12 k N
C IiCD U(11-10)

p e

D
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B u -1) [ C (T~ T) + (u -U )2+ (,V V v)2j Ii)
13pp

The drag coefficient and Nueselt number for a
particle are calculated from equations given by Neilson

and Gilchrist 7

C*28 Re -8 + 0.48 (11-12)
p

N - 2.0 + 0.6 ReD0 5 Pr0 33 (11-13)
U

where the Reynolds number for r- particle is defined

as follows

pD(W -~

Re a ----- P (11-14)



III. APPLICATION OF THE METHOD OF CHARACTERISTICS

In this section, the techniques of the method of

characteristics will be employed to obtain the characteristic

and compatibility equations for the flow fi~ld variables.

The flow field goverving equations, Equations (lI-1)

through (IT-8) can be written in the following general form

L. a.i .z.j + b.i .z.j + c i 0 (ij **,)(Il)

where z represents the eight dependert variables u,v,p,o,ujT

Vp ,9p and T Pand the x and y subscripts denote partial
differentiation. These eight equations can be combined to

form a single differential operator by employing arbitrary

multipliers an~d summing. Thusj

where a.i are the arbitrary multi-pliers. In this section, the

f convention of indicati-- a summation be repeated indices will

be used. The partial differential equation, Equat-ion (111-2),

can be rewritten in the form of an ordinary differential

equation under certain conditions. Thus

( a. .a.i)dzj + c ia idx = 0 (x,j 1..,8(1-3

if and otly if the following equations are vfalid

a. .a. dy/dx b. .a. (i,j 1118 (i-4)

Equiationis (I'11-4) are eight independent equations for dy/dx.

Equations ITI1-4) are lused to determine the unknown multipliers

a. which can then be substituted into ZEquation (111-3) to yieldX

the comparibility equ&tioi1s. Rearrangi,'ig Equations (111-4) to

j solve for ai yields the following equations



• • L • ' =.j - -•: .-.:. . .: - --.. : • = ".. - _•= x - •-'', =-- '-._.

a• (a.. dyldx b ) -0 ((1=-5)

If this system of equations, Equations (111-5), .is to have
a solution other than the tr-vial, i.e., all a. - 0, -4,en

the determinant of the coefficients of a i mustF. be zero. Thus,

dy/dx - b o (M-6)

INov, dy/dx can be obtaind from Equation (i11-6). The5

i• resulting dy/dx car. then be substituted into Equations (iiTL-4)
i%•" ~to determine relationships in terms of the multipliers a..

'•-With a4 known, the final form of the compatibility equations,
fEquations (111-3y, is obtained.q)

The governing equations for the flow field are

repeated below for conveniencen o

Sa.. dU y + p/y + upx + 0 +jjv/y..,0 (111-6) +

ow, + Ovu + P + AP (u r u quin0 (I-6-8) [
=•ux y x P p

• :Our + pvv P + Ap (:-v )=O(111-9)resuti dy y p p b

u ati a2UPx a2oVp Bi 0 (111-10)x y x y p

P u + P + u+ Ap + ) 0 (111-+1)

uP + vF - p - a~p Ap 0 (11-0x y x y p

S...P u +]v +uP v +
p pp p pppp

A cu T~ + cv T~ 2 -CT T)] 0o(i-

p3 Pppp.



-.- /d - p 0 .1- -0 0

pdS/, 0 d/0 S0 0 0 0 0

0 PS- - 1 0 0 0 0 0

T0 deerinn, E 5u2tio 0116 ca no be0itna

0!

Sdy/-x --- 0S 1  0 0 0 0

0 0 0 0 0 dy/49E - p0 S2
0p ..- 10 0

II

S0 0 0 0o s2 0 0 0

- 0 0 0 0 0 P 02 0 0pp

"0-_ 0 0 C 0 pcS 2

t{

_.where S= (udy/dx - v) and S2 = (u dy/dx - v
j. Since the upper kight quarter of the above determinant is filled

with zeros, the expansion of the determinant reduces to

[G x P 0 (111-16)

where G repre'ients the upper left quarter of the determinant
S _i and P repreuents the lover right quarter oiý the determinant

as shown below

j" - Gas

Fro-perties Zeros

SParticles

Zeros.Poete

fft~
- - - ) .-- _,

S- - er -. I- -- --- -e-- e

r~*-. -- - -v--- -

- - ~ - ---- ------- --
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Equation (111)can be zero by, either G or P being zero.[

Settinlg these two determinants t6 zero 
yieleks the followingK

expressions

[l (ady/dx -V)
2 j(dy/dx)z U2- a2 j 2 Xydy/Ald

+ (2 -a
2 )] -0 (111-'7

[I (uPdy d- p)

} Therefore, Equation (111-16) becomes

I(u dy/dx v )4 (ud~y/dx -!*~)I [ dy/d.z)21i U2 &2 a 2 - 2 /d

+ V2- a2 ) ]a0 (111-19)

jThe charac~teristic curves are found by solving for dy/dx

"vhich, for this system 
of equations, are

dy/dx v/u 
(111-20)

IY -a2 rw2
dy/dx /

id/x v up 
(111-22)

In teras of the Mach angle a 
the gas flov angle 0 and the

4 particle flow angle 6 . Equations (111-20), (111-21) and

(111-22) can be rewritten, respectively, 
as

dy/dx tan 8 
(111-23) j

I ~ ~dy/dx tan (8e at)(II2' 
j

Iyd pa e 
111-215)p[
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Thus, the characteristic curves cre the gas streamlines

appearing twice, the Mach lines each appearing once and the

particle streamlines appearing four times. Equations (111-21)

are ree~l only when M > 1, whereas, Equations (111-20) and

(111-22) are always real. Therefore, the system of governing

equations, Equations (111-7) through (111-14) is hyperbolic

when the flow field is supersonic. Of these eight characte-

ristic curves, four are distinct; the two Mach lines, the gas

streamlines and the particle streamlines.

In order to determine the compatibility equations,

the unknown multiplier a. must-be determined. These multipliers

are determirid by simultaneously solving Equations (111-14),

using Equations (111-20) through (111-22) for the slope or

each characteristic curve.

Substituting the coefficients a..j and b. ij rom

Equ~ations (111-7) through (111-114) into Equations (111-14)

yields the following results

aidy/dx + (udy/dx - V)02 = 0 (111-26)

-al + (udy/dx - V)03 =0 (111-27)

a2dy/dx - 03 + (udy/dx - V)04 =0(Y-8

(udy/dx - v) (a, - a2 04) =0 (111-29)

V~dy/dx *(u dy/dx Y )06 u (111-30)
p p

-05 (u dy/dx - v )07 *0 (1-1
p p

(u dy/dx v )08 (111-32)
p p

(U dy/dx - v r 0 (111-33)

pp 15
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The form of the general compatibility equation,

Equation (111-3) is

Pal PU02 Idu + [PU03 ]dv + 1.02 'U 4 dp

+ [u0y1  - &2 U04 do + top 05  + Pp u 061du

+ £ .up0 7 ] dv, + [ cp u 08 ] dT

"" + [ u- )dop + [ pVoI/y + AP (u-U )02I p pp

+ Ap(V -vp )a3 - ABpp0 + ppVp $/y App(u p p)06

AI- - - v )o, + 10 AC(T -T)o 8 ] dx - 0 (111-34)
p p~ 3 p p

For the gas streamline characteristic curve,

(udy/dx - v) - 0. Thus, by substituting this relationship into

"Equations (-1I-26-) through (111-33), the following results

"- i are obtained

Ol 0O

• 02 = u03 /v (111-35)

Or, 0 0 07 U 08 0

Substituting Equation (111-35) into Equation (111-34) and

re~grouping terms into coefficients of the- two arbitrary

sultipliers,aý and 04, yields the following result:

pudu + pvd,, + dp + Ap (u u u)dx + Ap (Y v)dy u.3

•:":'}:-•-:!•i?:" [udp -_a ud- ABPpdX 104 0 (111-36)

-Since the multipliers 03 andoi are arbitrary, their coefficients
•-5••: : must equal zero. Equating the coe.fficients of thexe multipliers

•-$ ---

4I.)£- " ' 2 -• - -- - +
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to zer yild th olvncmaiil qain hcd ne
oto royild ththcoptbiteqaon hh

aru vldv aln ga tralie

~KI pudu p + dp + Ap (u - ii )dx + A (v - v )dy 0 (111-39)

pp p p

Eudpon (11-8 andd (113)ar-ai only dln gas strea-3

l oinesg.-. tatogcre dfndb

du dv ta ed ca1be1e-rtte0a

fqaron eihr(qaios(112)or-112)an37)/x-f)00

TeeoebycmiigEquations (111-26) ahrud (111-33)aevld)nyadg a tem

with Equation (111-31), the relationships for the miult'Pliers

a.i for determining the compatibility equations which are valid

along the Mach lines are obtained and are as follows

-j a2 04

-2 0~4 dy/din

2(udy/dx - v)f(udýldx - Y)2 -a 2 (dy/dx)2 J
* ~(iadyrd v)J

05 0(111-40)

tF6 d7

%Ii ý

Al - -

1ýM--
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I Since no relationship is obtained. for 04, th~i, multiplier
is arbitrary, The compatibility equations valid along the

Mach lines are obtained by substituting Equationt (111-41)
into Equaation C; 4., heg-ea c-6,ýatibility equation, I

A(Vp /)( - p)dy + A(p p/p)(Yv - vd

48 ±(cot%/oV2 )dp± (IZ +ie~~: B/a2)jjjX(1-3

* (in a ± A(p.p2 r u dy vd
003(6 a)p

where the gas Mach lines are given by

dy/dx~ tan (9 a) (111-144)

I ~In Equations (111-43) and (111-144), Zhe upper ensreter to

j ~left-running Moth linee and the lower s.igns re.fer to right-

running Mach lines.

For the particle streamline characteristic curves

(u:,dyldx - v) 0. Thus, by substituting this relationship

int-o Equations (111-26) through (111-33), the following resultsI

01 S 02 C1 '* 05 0 (111-45)



Susittn Eqato (---111--.- - - 45) int Eqato (111---34 and

Susitt+ qutiound (11-45 itod Eqatio (01 111)-46)

regrouing tuermulipinto60 cofiints o8 tartre arbitrary.Tefo,

teetremultipliers, to 0zeadro yields the following result i

I ~ ~ du -A(u -u~ )dx 10 ( .ud~-A~ ~x11107 7

cu cu, +T -9 -C( AC(Tp 0 rJ)x ii 0-46)

p Pp

bihitreqainwicarvaialg the particle st.reamlinesi ivnb

udu/d v Ap /u P d (111-50)

It ppul pepitdotta nl ee optblt
equain dre obaie Ain thi anlss ie. 0o equation )

IcurTves. (Theeoe h it oenn -Tuadxo0 Eqa n(11 -19 ) ,

heethe particle coninutyeqatlion dosnt nhe is given b

asd trae /u temto f hrceitcs fEuto (III-11)

is~I shoedfoulmepine u the e.o oenn qationsy seven cmaribcit

tequation aurves obained ievn tompatanaliysiien equationsr otines

bas soud be. slIng or or tohae actmplet d enst, of equtios ian

cuvs. Tecessretore thlue fifth govening equatoor Eouetiquivalent )

eqastsonl ie n order to have a copeteelo qationshi io . ntepeet

analysis an integral equivalent equation for particle continuity

-le

~ :,~Ju -~. -



is employed. The equation used is as follnws

p u2w -yp (udy/dx v p)dx (T1I-51)

Equaion(111-51) is used to~ calculate an average particleSdensity at each point ,n the flow field.

It should be reemphasized that treating the particles
.- - as a continuum is an approximation in the present two-

• i dimensional analysis just as in previous one-dimensional

- | analyses.

In summary, the governing partial differential
Sequations have been transformed to a system of differential

equations valid only along certain characteristic curves.!

_ ~These are:

Gas Streamlines

dy/dx tan e (111-52)

pWdW + dp + Ap [ (u - u )dx + (v - )dyJ= 0 (111-53)
P p p

udp -a 2 udp -ABp dx

Gas Mach Lines

dy/dx = tan (6 ± a) (1II-55)

d8 ±(cota/pW2 )dp ± [ sn - (I ( B/a 2 )] - sin dx
y PWos(± )

+ A(p /pW2 ) [ u dy- vdX ] 0 (111-56)
Sp p p
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K Particle Streamlines

dy/dx *tan Op (III-5T4:F

u du -A(u --u )dx *0 (111-58)

u dv A(v -v )dx a0 -(111-59)
p p p

- Cd + -TT)dx 0 (111-60)

- j and the particle continuity equation

ii 21 yp (u dy/dx v )dx (111-61) I

p



IV. NUMERICAL SOLUTION TECHNIQUE

The formulation of the problem of treating a

supersonic flow field consisting of a mixture of a gas and

solid particles represents only one part of the present

investigation. In order to make use of the equations derived

in the previous section, it is necessary to translate the {
equations of motion of Section III into a numerical algorithm,

This section outlines the solution procedure which vas

Sprogrammeii for the IBM 1130 computer at the von Karman Institute .

As was discussed in the previous section, the gas

Mach lines (two of the characteristic curves) are real only

when the gas Mach number (ratio ot the gas speed and the frozen

speed of sound) is greater than one. Therefore, the present

scheme is only applicable in regions of the flow which are

Pupersonic. This means that in order to calculate the flow in

a nozzle by the method of characteristics oLe must know the

flow properties in the region downstream of, but near, the gas

sonic line. In order to obtain the necessary initial conditions

for a gas-solid particle flow the complete subsonic and transonic {
flow field must be solved. Since this problem has not beei,

solved to datL, it is necessary to use approximate methods

to obtain the gas and solid particle properties from which to

-start the solution procedure. It is clearly evident that much

more work must be done in the subsonic and transonic flow

regionsbefore the present superson-c analysis can be effecti-

vely utilized, i.e., to get realistic results one must specify

realistic initial conditions.

The numerical algorithm does not dapend on the

initial conditions. Therefore, as better methods for predicting

the initial conditions become available, they can be input

into the present analysis directly as input data.

The numerical algorithm used is a sodified Euler,

predictor-corrector technique where averaged coefficients are

-. .~ ~- 5,--I
......-.. -.. -~
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iii
used. The transformed equations, Equations (1!1-52) throu-h

(111-61) are forward differenced. To illustrate the technique, I-

Figure I presents an interior mesh point grid, The four distinct

characteristic curves are shown with the point 24umbering scheme

as used in the computer program. Point 3 is the point where

the solution is sought. Points I and 2 are previously obtained.

soluti.n points or given poirt3 on the initial va)-ue line.

The prop -;-is at points • and 5 are known (by interpolation)

once the jocation of each point is determined. The solution

procedure is as follows •I

(1) Predict the x and y direction of Poiut 3 by solving

the two eq,-1tions, Equations (IiXi-55). In finite differenceI--;• • form this yields: +

Y3 Y1 el S13 (X3  X

whe.*e

H2 3  2 L tan (62 + ,,2) + tan (e 3 +3)

13 [ tan (a, - a,) i tan (e3 + *I) 3

it should be noted that the second term within the brackets

in the above tvo equ&tions are set equal to the first term

for the predictor.

(2) Solvý lror the gas f3ow angJe und the pressure by simulta-

neously solving the twv equations, r.;uations jIII-56).

(3) Calculate the position of Points 4 and 5 by the purticle

streamline equation, Equation (111-5 )and the ge.s streauline

equation, Equation (111-52), respectively.



(4) Interpolate for the properties at points 4 and 5.

(5) Calculate the gas velocity and the gas density at Paint 3

from Equations (!1I-53) d (IIi-54).

(6) Calculate the particle velocity, particle flow angle,

particlO temperature, and particle density from Equations

(111-58) through (111-61).

(7) Now that all properties are known (predicted values),

evaluate all equat:cn coe±ffcient_- average the coefficients,

and repeat steps (i) through (6).

i: I This algorithm is second order accurate. To

iterate again accomplishes nothing. If the accuracy is not

sufficient change the grid spacing-by increasing the number

of points on the initial value line-and redo the calculations.

The same technique is used on the wall boundary

except that on the wall the solution point is obtained by the
intersection of the left characteristic and the wall ccntour.

Since the gas flow angle is the wall angle, the flow angle is

known. This reduces the unknowns by one, which is necessary

since the right characteristic compatibility equation cannot

be used.

The same procedure exists at the centerline.

SI Here the gas flow angle is zero (known, s priori), and the

left characteristic compatibility equation is not used.

To check the program out, a sample case was

executed for '4hich previous one-dimensional results werej available. The initial value lin, properties were taken

from the one-dimensional results, The results were then

compared at the nozzle exit, 9 cm. downstream of the initial

.- - value line. The following table presents the results arSobtained from the two programs. The loading rtio was 1 .5,



- ~19 K
i~e, te ;rtileflow rate was 1.5 times the gas flow rate.

-~--'.k-. -Particle diameter V&5 500 microns.

Present Analysis2I 2 d 1-d
Gas Ve!-lj~city 4~697.0 rn/sec 4~67.6 rn/sec
kParticle Velocity 213.2 u/sec 214~.7 rn/sec I
Gas Tekmgerature 159.7 OK 1 59-7 0 1r

Pir-tiale Temperature 295.7 OK 291.9 OK
Gas-Mach number I1d150 8`

Pressure 1.86x106n/22  1.88x,0 6 a/rn2

LIThe run time for the two-dimensional calculation
on the IBM 1130 vias approximately 9 minutes.

-~The above comparison indicvates that the program is

working correctly and that itcan be used effectively for

- - perticle-ga~s problems.

4'-q -i
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V. CONCLUSIONS AND RECOMMENDATIONS

The results of the comparison of the present

two-dimensional, supersonic analysis with the one-dimensional

analysis indicate that the program is working correctly

and that it can be a useful tool for particle micronization

processes. The present analysis has the advantage that

non-uniform particle distributions can be treated if the

necessary initial data are available. The program has been

written in modular form so that any required or des-ired -<

program changes are relatively simple.

Further studies are needed in two areas. These

are : (I) a working subsonic and tramsonic analysis to take -

advantage of the potential applications of this analysis
I iand (2) much more effort is required to obtain governingf equations that are more physically realistic. The use of the

particle continuum assumption, obviously, has reatriztions.

j ~Experimental measurements are necessary to determine the

region where this assumption breaks down. It should be

emphasized that one-d-Lmensional analyses suffer from the same

problem and, therefore, if for particle micronization processes

the continuum assumption does not provide engineering

results neither approach can be used to predict particle

behaviour in the nozzle.
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APPENDIX A

PROGRAM DESCRIPTION

The computer program was written in the FORTRAN IV

language for the IBM 1130 computer at the von Karman Institute.

The program consists of the MAIN program and four subroutines.

These subroutines are designated F4WP, M0CP, M0CB and C0EFP. The

structure of the program is illustrated in Figure A-1. A brief

description of the program is as follows

MAIN - This program calls the flow field logic program

or CALLS EXIT as determined by whether SWITCIR 10 on the console j
S.S "on" or "off".

FL:WP - This subroutine controls the logic in calcu-

lating the flow field in an axisymmetric nozzle. All input data

and all output options are accomplished by this subroutine.

Subroutine FL0WP calls MOCP for the solution at an interior mesh

point or M0CB for the solution at the wall boundary or the center-

line boundary. Two arrays store the solution along a back left

characteristic and the left characteristic being solved.

MOCP_ - This subroutine uses the modified Euler predic-

SI to:r corrector technique with averaged coefficients to solve for

an interior mesh point. Subroutine COEFP is called to evaluate

all the necessary coefficients used in tl.e finite difference

I eqations.

-• MOCB - This subroutine is nearly identical to the

above subroutine except the solution point is on the boundary.

COEFP - This subroutine evaluates the coefficients

j:. of the finite difference equations and is called from both

i:: MOCI and MOCB.

-~- ---- 2
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PROGRAM INPUT

The input data for the program has been kept tb a

minimum to keep the program simple. The following data are

I ::rquired for program execution

I •CARD 1 (FORMAT 3F10.0)

1-10 GAMMA, ratio of the specific heats for the gas (air, yal. 4 )

11-20 RGAS, the gas constant (air, R-29.27)

21-30 PR, the gas Prandtl number (air, PrO0.7)

"I CARD 2 (FORMAT 4F13.0)

1-10 DIAM, particle diameter (meters)

V 11-20 RHOP, particle density (kg/m 3 )

1 21-30 CPART, particle specific heat

31-40 PFLRT, particle flow rate (kg/sec)

-' CARD,3 (FORMAT 12,8X.I2,OX,I2,8X,I1)

1-2 NPTSL, the number of points for which data is specified
Son the initial value line (MAX-5)

S11-12 IMAXX the maximum number of left characteristics to be

calculated

21-22 lOUT, the number of the left caa~racteristic where print

R out begins. If all characteristics are desired IOUT=O.

31 NU, not used

The following two cards are repeated for each of the

NPTSI points. Two cards are required per point. The first point

inpui is the wall point, the last point is the centerline point.

CARD 4 (FORMAT 7F1O.0)
1-10 x-location of the point (meterS)

11-20 y-lacation of the point (meters)

21-30 Gas Mach number

L - 31-4•0 Gas velocity (m/sec)

41-50 Gas flow angle (degrees)

51-60 pressure (n/mi)

.61-70 gas density (k/m 3 *

- -:
&-.~-~ 
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CAD5(FORMAT 5F10.O)

1-10 particle velocity (m/sec)

11-20 particle flow angle (degrees)

21-30 particle density (kg/rn3)

31-40 particle temperature (OK)

41-50- particle stream function (0.0 for centerline, 1.0 a

limiting streamline).
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PROGRAM LISTING-

This appendix contains the complete program listing.

All subroutines are stored on disc 6. For execution, it is only ,- Y

nece.sary to compile the MAIN program. The tvo subroutines MOCP

and MOCB are stored in the LOCAL mode. v

I

I .-

I L

I

2>..y . -



I C MA IN PROGRA14 I
c COMMON STATEM'tS

COMMON ?tU, CONST, T~IETW, PV RTP1 ,X3A, Y3~A4.E3A, V3A, T3A, P3A, R3A, VELP3, [
ITP-3A, RP3A, TEP3A, PSI 3A

COMMON GAM4MA, GCRGAS, DI AM1 RHOP, P1,CPART

I PAUSE
CALL £iATSW (10,K1C)

GO To (20,30l), K1I1
20) ioALL FLOIIP

I ~GG TO i1)

30 CALL EXIT

-E N DI
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S~uqq~nijij .FJ F LOUP

I TH~IS lYf0rsQA*1 CINTPROLS THlE LOGIC NECESSARY TO CALCULATEICTNE FLO"J FIELD 1:: A SUPERSONJIC AXISYM-11ETRIC (NWJ1) Ort
c T1U0-DI;E-11IOAmAL (CItJ's) HOU7.LE BY THE i4ETIIOD OF CHARACTERIS

C T!E AnQAY SL "USEn T STOflE THE !IT.AL-VALUE LINIE.F

f C T:IE F~t"ID MRPERTY r)ErIf7D PY T!IE FOLLOWMIiG

C 2 Y POSATIOM
c 3 GAS 1*411,l MU"iRFI

C4 GAS VELOCITY15 GAS r-01. ANGLE
1.6 t1 AS P.'ESSURFI

n 7 CAS DEINS-ITY
1I 3 PA'ITICLE VELOCITY
C 9 PAITI OLE FLO~I AlIGLE
C 10 PARTICLE DJENSITY

C11 PARTICLE TE'1PE!ATURE
r 12 PAITICLE STn.CA'I FUINCTION

r THWE SAIE SCIIEIE IS USED FOR THE T!111 CHAIACTERISTIC ARRAYS
CIIARA Min) CHARL. , TWJO ArMAYS AIE NEEDED SIN2CE IT Is NECESS
TO ISAVE ONE LEFT CHARACTFAISTIC W4HILEC THE NEXT ONE IS BEIN'

C CALCULATED,

C -tEF:JNPUT PAIX1ETER WJPTSL GOVERNS THE SIZE OF T*I' THREE
C ARRAYS, THESE ;.UST BE 0SLVUPTSL,12), CIIARA(2*U4P7:SL,12) -

c AP) CHARL(2*NPT-L,12).
IC
IC

j C TYPIE, Dl-E;.-SION All! C-)T'ir:r, STATE'-IENTS

C r!EAL ".ET!-.r

j P~MMENSION SLV(5,12), C!IAr!A(10,12),rIIARL(1O, 12)
CMlMMOI N~l, *COJST, THIE-h,PF LrT, P1,X3A, Y3A, E3A, V3A, T3A, P3A,-%3A, VF 13,

I 1TP3A, ')P3A, TF P3A, PS I 3A

C SET prQrVnA,*1 (;OI1STAtITS AN') IMIATILIZE COUUTES

GC= .1) 1
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cC r!EA) I NPUT GAS DATA

o 'EAr) INPUPT PAITI CLE DAkTA
C

I EA!) (2,11"9i) DIA-3,UIlOP,COPATRT,PFLRT

c ý!F.`. INIPUT ClOIT*'OL FLAGS

F Al (2,1(,f2) 'IPTSL,I~iAX, IOUT,fU'i

C Er) IITA-VALUE LtilE 1POI',:TS _AW) FLM-) PROPERTiFS

REA D (2,lftf SLVKIP112

S L'(M, 5) =S L7(M, 5)I/RMr
SLV(K,9)=SLV(K,9)/RAP)

r 'TIDE FIIS5T PO)INT OF IIIITIAL-VAL'JE LINJE W1 AiXILLIAflY AflIA
c

~O2" K=1,12

T,'A E(i,= S)=IL1, , 5

t .1 CST= S' 1"T ( G A iIA* R 1ýAS G C

c~~ f:.CnIE:I.tT COU!JTM,

GO TO (41,50)), INDEX4

*1" I S TlIE ',U*IVER1 OF P(Wj TS ON THIE LEFT ClIARACTElI STI C
('E- 

t IM-1 CALCULATET I
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w A3-m5

Ic

5 r ~ s~ JACJAV STAPTS L+:) Ih ?TSiL-A1i L-!J I~

""!=ti :I; i CA:TLC*IA2Er S TAPT FtE')'iTHEI',S IAL-VCAL* L HI 011T~

'if' 2"1 L=I,,J

8n I MDEX=2

C,'A'A(L, I !)SLV(JP, I P)

C;.'LC1JLATE ~L-" i,,,flpEnTIES C I! CAiTFL I H

1 0 1OICL=2

TP71=C:!A; !!L(2,,9)

Tr-2=C:IArL( 1,I)

I ~Tý-P1ZC:A ML2, 11)
ITEP2=C::ýL 1, 11)I3
I ~~~3t~2=CA.C,2 )C~-L1 ) IAL2 ) M~Ll ) ~l'L2

I 1,C.!IA'LC1 )CLl(,)fI~(,I,!IR(,) I'L15,~'L2
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-0 ?2 n 1 i:r,:t

Tf;' L .-11 = 1 VI

VELP2=!AA(,`

I 2P=C r!A" L 1, q1

!j~j=F1:: ("ýL , 1')

2 TP2 !~A A(, 11

i I i=C!AIt"LL'! 12)
PSI 2=c;;AýA( C 12)

I jF(C!1-) 1 G %.1-7'ý, 17.1
j ~ tLC2ATE FLT; PTOPE'MrS A" '~:I 1:.rE"%uT)? :,':S~i PI"iT

151, r,.ALL !JCP(r;ALI,, 'AAC,) TtLK2C1AAJ2)CALK3

I 2),cA-~AC!,) *!AhC, 7) LA'AH il), VL1VE LP 2,TP1, TP2, IPl, 7ZP?,

"ALC'JLATE FL-Y!- FI) P~TF"M FS f THIE TZL- '.:ALL

1-7 CALL (1,~C, C1'L(: 1.), r , Nt, 1), "~L',)CIA(,2)rALK3
'),tIA WA 0)CALK') CAAi, 4), C'AilL (K, 5), C!!t,.AGI, 5), r!IA' L (K,,-

2 C"'! A . G)C;IAL(", 7),-IIIA'!A(1, 7), VELPI,VýLP2-, TP1,T:)2,'141,PP2,

SVTVIE THIE SO)L:JTDI', ORTAHTIW F-.191 S;I!RRO'TINE VOC INJ
T!'ý AUX I LLI. A'Y AVA

C 1V NlACI, 2)=;13A

CHR. C I,3E3MA'.M."I
______ CT ____)=T3________

zej
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MIARAMt,&-P31%

CIIARA('1, 7)=R,3A
clAfRA(:, 3)-VELP3
CHARA(1, 9)=TP3A
C! IARA CI, 10)-'R P3A
CHIARAC.1, 11)-TEP3A
C!IARA'i, 12)-PSI 3A

20 CONTINJUE

21iV CONTI IJE

C ADVE DATA F:101 AUXILL1A 2 lY AR~RAY T1) THlE LEFTI
C C11A.:.ACTERNSTIC Artr.AY
C

DO 24r =,V
DO -22r" LL=1,12
CAARL(!%, LL)=CiAR!A(K, LL)

-2COCUtTI INW
IF(I-IOUT) 240o,230,230

C;
C PilIJT OUT SOLUTIONI AL011O 7M LEFT CHARACTERISTIC

23nl CONJTINUJE
22IF(LI:IF-62) 234i,232,232

22WRITE (1,10000)
WRITE (,06
L INE=9

234~ XCf41=CIAfLOG, 1)*,'tETErZ
YCizCIlAPML(', 2)*:IETER
TnEG=CHARL(K, 5)*RAD
Rl1,G=ClIIAr)L(K, 7)/GC
PRES-C1 A'L (K', 5 )/ (Cc*: ETrE'n*!r¶ETEfl)
TEf1P=CIIA11L(1%,6)/ (RGAS*C.iIAPL(K, 7))
TpnEGsCuIAIPL(K, 9)*RAD
.1PITc (1, 100.4) XC%,YCfi, CH1AqK 3) IAL(K, 4),T')rf, PfES,fZK.

1,TE"1P
WR ITE (1,1007) CHIAR-L(K,8),TPDEG,CIIARL(K,10),CIIARL(K,11)
LI NE=L 1 IE.2

IF(l-IOUT) 261,250,250
259 URITE (1,1005)

LIIIE=LI flE+3

C STORE WALL POINT Ill THIE LEFT CHARACTERISTIC ARI AY

26n 8111-!V1+1
DO 27r, LL=1,12
CH.AR,(iC::, LL)=C'IARZA(;t:*1, LL)



-A3-8

2 7" C')!ITt*Ur
IM(- I A.") 30,30,23n

c r-1)f.IAT STATUEU¶ITS

I nC- IF1Q:AT (7Ff.V5F20'4

!12FRIATY' 1, 3-X, 2LE,X,12SWE,5X-,'lEIST'3,'Ei'R)tr'/X

11f 3"' FORV1AT UF3InX,/5F 10.t1X),1I; ,F1' l.4,3X,FlO.4,lX,F'PAR ,$,CLE)'
1 "S 4 F. .IA1 1 5 ,2( 1.4 ,

P0Er).lATU/ 1ýý6FnRIAT( 26 X "IAI 121 X, F LW r x ix, Y ' 7X ' lULV qr', s X 'V L I

E: I I

J-I
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L

SUBROUTINtE COEFP (Y, E, V.. T, P, RHO, VELP,TEP,RHOPP,TP, S*H,Q,APU,APV,
I ARL), ARV, CE, G, F, F P..GP, BP, C. DP)

CTil
C THI SUBROUTINE CLCUJLATES THlE ';OEFFICIFN~S AT E~ACHI Pol!NT
C MlICH ARE USED I1N SOLVING THE DIFFERENTIAL EQUATIONS FOR THE
C MIETHOD OF CHARACTERISTICS SOLUTION TECHNIOUE
C

C TYPE, D IMENS I ON 40 COtI?4N STATE'IENTS

REAL KGAS,flU,NIJ1

COMMON Iw, CONST, TIIE-r1, PF LRT, Pt, X3A, Y3A, E3A, V3A, T3A, P3A, R3A, VEL.P3,
1TP3A,RP3A,TEP3A, PSI 3A

C COM4MON GAtir4A, GO),R,D0?At1, RHOP, PR, CPART

SOS-V/E
n-ll. "SQRT (E** 2-1. 0)
A-ATAMMfl
STMA=SI N(T-A)
STPA S I M(T+A)
CTMA-1Acfl(T-A)
CTPA-COS(T+A)
S-STMAIACTMA
H=STPA/CTPA
Q l:OS(A)/(SIU(A)*Rll0/G6*V**2)
UP=VELP*CQS (TP)

jVPsVELP*S 111(TP)
DU-V*COS(T)-UP
nV-V*SINl(T)-VP
TEIIPwPI R*RHO0)'-IMU=0. r,0009143*SQIRT(TE.i P)/(1. Q+1M. l/TE.'iP)
KcdAS= 101'If. C6;*?IU
REyRHOi*DtI AM*ABS (V-VE LP)I/ (MII* GO)
CXA. 48+ 2 8,Rs/(R EY**O0. &5)
fIU1=2 .fl*%.6.*SQRT(RLY) *PR**O 3.33
C Pz-12, Vh* GAS *fU 1/ (rI*C X*REY)

AP= O. 7,5* CX*RIIO*ABS (V-VE LP) / (D I A'.¶*rlfo P*GO
A PU=A P *flti/UP
APV=AP*DV/UP

ARV=AP*RHO PP*flU

C CE -2. A P* CP *(T E .1P- T EP)/(3.0U P* CPA'R T
Fa -A P*G0*RIO PP/ (RIio* V* E*STPA)*(1. 0+B/ (SOS* SOS))

10 STY*SINl(T)/Y
FamF.STY/(E*STPA)
ri-G+STYI (E*STfIA)

20~ FPu-AP*RHOPP*GO*VELP/(V*V*RHO)*(COSý(TP)*Hf-SltI(TP))
GP=-AP*RHOrPP*rD*VELP/ (V*V*RHO) *(COS (TP)-*S-SI NUMP)
RP-RHO*V/GC
CmSOS*SOS/ GO

N ~DPuAP*8*RHOPP/(C*V*COS(T)
R ETURN
END
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MIN- r3--O4 A311
SUBROUTINE HOCP (Xl,,X2,YI,.Y2,EXE2,V1,V2,TI,T2,P1,P2,R1,R2',

~~ lVELPI,VELP2,TPI1,TP2,RP1,RP2,TEPI1,TEP2, PS 1, PS!2)

C ThiS SUBROUTI1NE IS A METHJOD OF CHARACTERISTICS SURPROGRAHI
c USED TO CALCULATE THE FLOWI PROPERTAES AT AN 114TERIOR

MESH POINT,I THE SASOYNAt4IC MODEL IS ROTAT-IONAL AND A PERFECýT nAS IS
jC ASSUMED. THIS SUBROUTINE USES THE 1403IFIED-EULER
C PREDICTOR-CORRECTOR TECHfilQUE,. WHERE AVERAGED

IC COEFFICIENTS ARE USE%.

C POINTS I AND 3 ARE ON THE RIGHT CHARACTER ILTI C, POINTS
C 2 AND 3 ARE ON THE LEFT C:IARAC'rERISTIC, POINTS 5 AND 3 ARE

C ON THE GAS STREAMiLINE, POINTS I. AND 3 ARE ON THE PARTICLE
C STREAMLINE WHERE POINT 3 IS THE DESIRED SOLUTION POINT.*

1g TYPE, DIMENSION AN4D COMMON STATEMENTS

COMfiON 1U, CONSTTHET4, PF LRT, P , X3A, Y3A, E3A, V3A, T3A, P3AR3A, VELP3,
1T,ýA,RP3A,TEP3A,PSI3AI ~~COMMON G, GO, RDI AM, RHOP, PR, CPARZT

I - ICL-1

c CALCULATE THE COEFFICIENTS AT POINT 1

CALL COE- (Y1, El, Vi, Ti, P1, Ri, VELP1, TEP1,RP1, TPI, Sl,Hi, I,APti, APV,
!ARU,ARV,, G1, F..FP,GP1,S, C, D)

IC A~VRAGE THE COEFFICIENTS FOR THiE PREDICTOR
C

I S131 iI
G13-G1
GP13Grl I

IC CALCULATE THE COEFFICIENTS AT POINT 2
I C

CALL COE-FP (Y2.,E2,V2,T2,P2A2,oVELP2,TEP2,RP2,TP2,S,H42,Q?,.AP'.J,APV,
IARU,ARV, CE, G2,F2 FP2,.GP..B..%C,f)
IF(Y-C%.fl.O1fll) 70,70,,80

C

I c CENTERLINE APPROXIMATMIONI
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70-~ 1 CL-2
C
C AVERAGE COEFFICIE."ITS FOR THE PREDICTOR

80 1-23=H2
Q2 3-Q2
F23wP2
FP23,tFP2

C
CINTERIOR MESH POIN4T SOLUTION

C
X3Am (Y2-YI-X2*H23+Xl*S13)/ (313-1123)

GO TO (150,140)~, 1 C
C SOLUTION WHEN POINT 2 IS ON TH4E CENTERLIKE

140 P3A-(-2.-f,.*T1.Q23*P2+2.f~l.Q3*Pl-2.i1.*Gl3*(Y3A-yl)-2,l1*GP1-3*(X3A-X1)
1-F23*(Y3A-Y2)+FP23*(X3A-X2))/(2.fl~*n13+023)
T3AnTl+013*(P3A-Pl)+Gl3*(Y3A-Yl)+GP13*(X3A-Xl)
F 2-F2+T3A/Y3AI ~I CLmlI1C0 P3AM(Q23*P2.O13*P1+T2-T1-F23*(Y3A-Y2).FP23*(X3A-X2)-Gl3*(Y3A-Yl)-

l6P13*(X3A-XD) )(023+Q13)
T3AuT2-Q23*(P3A-P?)-F23*(Y3A-Y2)+FP2t3*(X3A-X?)

IC
jC CALCULATE THE POSITION OF POINT 5 FR~OM THE GAS

I C -STREAMILINE CHARACTFRISTIC EQUATION.
210 IXYI1

I J)Xl2"Xl-X2

23IF(ABS(!lXl2)-nflP'~l) 230,240,240
20Dxny-(X2-Xl)/(Y2-Y1)

I 240G0 TO 250
250 nvDX-(Yl-Y2)/DX12

IF(I 260,260,27(l
260 T5=T3A

270 TT35-(SlrI(T3A)/COS(T3A).SIIN(T5)/COS(TS) )*fl*5,
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GO -80 (280,290), IXYI

280 X5-(Y3A-Y24X2*OYoX-X3A*TT35)/(DYDX-TT35)
Y5-Y3A+TT35* (X5-X3A)

DX=X5-X2
20GO TO 300

X5uXI+(Y5-Y1)*DXDY
nxwYS-Y2

C CALCULATE THE DERIVATIVES OF THE PROPERTIES RETWEcN
c POINTS 1 AID 2,

30 SM12-(EI-E2)/flX12

SV12ID(Vl-V2)/DX12
ST12=(TI-T2)/DX12

SP12=(PI-P?)/nXI2[

SPV12=(VELP1-VELP2)/DX12
* I STP12-(TPI-TP2)/OX12

SRP12=QRPI-RP2)/DX12
STE12=(TEP1-TEP2)/nXl2

IC
C LINEARLY INTERPOLATE FOR THE PROPERTIES AT Pý;INT 5f

E5 E 2+ '4 12* DX
VS5V2+SV12 *fl
T5- T2+ ST 12* t;X
P5uwP2+S P12*~l X
R S-R 2+SR 12*
VELP5=VELP2+SPV12*DX
RP5=TP2+STP12*DX
TEP5=TEP2+STE1A2*O)X
IF(I 3fl2,302,30ID

CCALCULATE ItHE POSITIOnt OF POINT 4 FROM4 THE PARTICLE
C

302 TP3A=TP5
- I TP4-TP5

3n4t TT3Z4=(SII(TP3A)/COS(TP3A)+SliN(TPZ4)/COS(TP4))*0.5.
- -IGO TO (306,3n7), IXY

Y~prY3AMTT34*(X4-X3A)
- j DXX=X4s-X2

GO TO 308
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cF
31')7 Yti-(Y3A+TT31..(X1-X3A)-TT34*DXDY*Yl)/(1.fý.-TT3.* xfly)

X4=XI+CY4-Yl)*IlXDY

CLIN~EARLY INTERPOLATE FOR THE PROPERTIES AT PO I NT 4
fr

308 E4=E2,Stil2*nX
V4nV2+SV12*flXX
T4=uT2,ST12*nXX
P4aP2+SP12*DXX
R4nR2+SR12*DXX

-VELP4=VELP2+SPV12*DXX

IP4-RP2+SRP12*DXX
TEP4-TEP2,STE12*DXX II ~PS11.-PSI 2+Pl /PFLRT*(0.5.*(RP4*VIELP4*COS(TP4)4+RP2*VELP2*COSU,,2))
1*(Y4**2-Y2**2)-(Y4*Rr' VELP4*Sln(TP4)+Y2*qP2*VELP2*SIN(TP2).,*(X4

2-X2))

C CALCULATE THE COEFFICIENTS AT POIN4T 5

CALL 1COEFP (S, ES, VS.T5, PS,R5, VELP5,TEP5,RP5,TPS, S*,%tbAPU, APV,

-iARiU5, ARV5, CE, G2 ,F, F P, GP, 85, C5, )5)
C CALCULATE THE COEFFICIENTS AT POI!IT 4
C

CALL COUPI (Y4,E1.,V4,T4, P4,R4,VELP4,TEP4,RP1.,TP1.,S,!-IA,APU)4,AP'I4,
1 ARJ, AR V, C E4, G 2, F, Fp, Gn, B ,C, D)
IF(' 52ri,320,33t

C AVEIIAE COEFFTCh TS FOR T11": PREOICTnR

32P C35-C5
~335=B5

r)5=05
ARU35=ARU5
ARV35-ARVS
APU1.3=APU4

APV4.3-A PV1.
CE 43-CE 4

C O *1 340~
C ~AVERAGE COEFFICIENTS FOR THlE CORRECTOR

C
330 .935-s(83*I5)*P. 5,

C3 So CC3+ C .5)0. 5.F



ARU35=(L.5.*(ARU3+ARU5)
A'RV35=0.5,*(ARV3+ARV5)
A PIJ It3=r,.5a*(A PU4+APtJ3)
APVt#3=0.5;* (APV4+APV3)
CE#3=n. 5,* (CEI4+CE3)I

C r LCULATE THE VELOCITY AW) DE1NSITY FROM THE STREAMLINE
C %u-MPATiIBILITY EQUATIONS

34P0 V3A-VS+(P5-P3A-ARU35*(X3A-'5)-ARV35*(Y3A-Y5))/B35
R3A=Ri+'(P3A-P5)/C35-D35*(X3A-X5)*
TE'.tP-P3A/ (R*R3A)
SOS- CONST*SQRT(TE~iP)
E3AvV3A/SOS
U?$=7,VELP4*CoS(TPI.)+APU43*(X3A-X4)
VP3-VELPI4..SltJ(TP4)+APVl43*(X3A-XL4)
VELP3-SQRT(UP3**2+VPI*,t2)
YDOT3-VP3/(JP3
TP3AuATANi(YDO-3)
TErP3A=TErL4+;EL&3* (XA-X1
PSI 3A= PS14I
RP3A=(PFLRT*(PS13A-PS12)/PI-TRP2*VELP2*COS(TP2)*0.5,*(Y3A**2-Y2**2)
1.(X3A-X2)*Y2*RP2*VELP2*SIN(TP2))/(O.5;*UP3*(Y3A**2-Y2**2)-Y3A,.VFLP3
2*SINl(TP3A)*(X3A-X2))
I F ( I 350, 350, 410

c CALCULATE THlE COEFFICIENTS AT POINT 3
C

350 CALL COEFP (Y3f, E3A, V34,T3AP3A, R3A, VELP3, TEP3A,RP3A,TP3A, 53, H3,
1Q3,APU3,APV3,;,W3,ARV3,CF-i,G3,F3,FP3,GP3,R3, C3,03)

C
c AVERAGE COEFFICIL.NTS FOR THE ý-:ORRECTOR

A, C
H2 3- (142 4H3) *0. 5.
Q123-(Q2+Q3)*0. 5,
F2 3* (F 2+F3) *0. 5,
S1 3-(si4+S )*Q. 5,
r Y'3- (Q1+Q3) *0.5,

FP23=045;*(lrP2+FP3)
GP13stJ.5,* (rP1+GP3)
'0O TO 9 0

410O RETURN
E flD



IR

sl~r!r0(ITU~ I0U llxcr. Y1yF~,LVLl2, PI, P2, 1, 2.*

Cnvo: V 2W111k, C,)2S T, T! rT' J, Pr- Lr T, P I, X3A, Y3A, E 3A, V 3A, T3A, P3A, rt3A, VE LP3,
ITP3`,--3A,TIUý-3A, ?S I 3A

c 2cEPPI E DATA T'IANSFER!mE!) THROUGH CALL STATE'- mr.I WLLP01I,.T SOL'JTIj'l

1C X 5 -41%

c-5zEl

TS=T1
05=Pl

VELP5=VELPI
TP5=TP'

P5=f!lP

I PS15=PS11
TAH ) . 'T!E T')C.CIT'

11 T'.I IP C)Sx'. f

Y4=Y1

T4=Tl

'/FLP4=VELP1
T2Ii=TP1

Tr.PI=TF?1
Ps IS4=P:> I
om TO 4 1

C
C FL ; DATA l ASF"% THTIOUGH CALL STATPEN1~T FIVj C CE;IT ElL I F OLUj T I )

2 2X5=X2
Y5=y2
E5=F2

V 5=V 2I~ 'T



VELP5=VELP2
TP5=T??

T'r'-5=TFP2

r 4 = E 2-

) TI;=T?

It= P2
'VcLP4=VrELP2
TP4=TP2 f
7rP4=TcEP2
i2S114 PS 12
CALL Yi?(Y1,f El, V1, TII,~,, VE L?1, TE Pi,R Pl, TP1, S1, 11, (11, APLU, APV,,

f13 Q1
G 1i3= 0.i

flG TO 4'',) 9 !
4G CALL COU~P (Y2,r2,V2,T2,P2,R2 VEL?2,TEP2,AP2,TP2,S,H2,Q2,,APIJ,APV,

1123=H2
Q2 3-Q2
F 23=F 2
F P? 3=i:.)2

GO Tn I
C
r ':ALL PI! NT SOLJTV'1I

1 ;11 X3A=C(Y 5-Y 2 + 13 *X 2 -v5* TAV:T',)/ 0112 3-T/A.T.1)
Y 3A=Y?2+l!" *(3A- X q)
-3A=TltFTi

3A=(,'!2.*02 +T?ý-T 3A- F213* (Y 3A-Y 2)+FP 23* X3 A-XQ /)12 3
'in TO 23

r F !Tr:'-.JEJ irOL'lT101,:

lU0C (35A=Xl-Yl/Sl3
Y 3 ' A=A



-A3-17 O

T3A=r. P,
1P3A=(fl13*Pi.-T1+Ci3*Y1-fiP13*(X3A-X1~) )/fl.3

2 1"' C:)!ITT1!:uri

31n~ CALL f/.)Er-P (Y5, ES,V'5, T5, P5,,R5, VELPi~5TEP5,flP5, TP5, SI1, Q,API~jAPVl,
31AýtU5,A-%V5,C7, G2,r-F D"' ,-5,C5,)5)

C ~~CALCULATE T':: CIEFF ICI ENTS AT POINtT 4

CALL C)EF-P (Y4, E!t.V4, Tt, P14, 1V14,V'ELP4, TEP4,%P4, Tf'4, S, I, Q,API)4, APVI4,

135=C5

ARU35=A'IIJ5
Ag "35 =ARV 5

APV43=APV4
CE4s3= 1E4
"r) T, ;4r'

C'354 C3+c5)*f,.5

wA.U35=tp.5*CUA U3+ARUS)
z l"N'.35= ý ,&* ( ,"'3+A'V5)

A.?1(s3=I,,5* (A'P14+APti3)
t OVI; 3=~,^5A,"(:' '15+ PV 3)
CF43=f.5*(CF.s+C.13)

r3 A=r:-5 +(n3.'?5/C 35 -') 3 5*X3A- X5)

T TF"P= "3."/C(71

i 3A=V3A/Z ') S
tI?3VELP4s*Cý"(Ti,-'&)+A!)'J!-,3* (X3A-).4)
VP3=VELP4s*S I :CT?1.)+AVll3*(XA3A-,I4)

* I VELP3:=S(UT(UP3**2+V03**2)
Y1,'OT3=VP3/JI P3

TEP3A=TrI+C43(X3A-Xvs)

34~7 '?3A=(PFL*"T*CiZI3A? )'2)/P-I P2*Vr.LP2*CflS(TP2)*0.5*(Y"A**2-Y2**
2 )

i 2*of!fi(TP3A)*(vX3A.-X2))
Il TI 3 4 G

3 47PS=LI*SI lV C I TP)P **2+XI- A i



~z~J jj~~ -A3-18 [

1'/ELP1*S12,(TPI) )/(O.5.*UP3*Y1**2)
IF(I)' 35n,35n,41t)

35P CALL CIEFP (Y3A,!i3A,V3A,T3A,P3A,i"3A,VELP3,TEP3A,rIP3A,TP3A,s3,1H3,
1Q'3, APRJ3, APV.3, ATZ3,A-IV3, CF3, G3, F3, rP3, GP3, 83, C3, -)3)

nO TO (310,370), t!
c I
C CE!ITEILIE 1AlP:-nf)v)i 'ATV)14

37nl STY=S IN(TI) /Y1

I G3=fl3+S0TY/CE3A*STM4A)

31r'W23=(!2+!'3)*V..5

F23s# FI+F3)*0).5
F P23=P.5* (FP2+F P13)
GO) TO (ge,I4n(), 11,

S 13= (' 1+033) *!. 5
0 3=(G1+fl~ ,3 )*. 5
G13-fs(C',1+30P*.35

W) TO 9 n

4 1 i I



--:- Fý- A3-m19 J]

C SA!PLE DATA CASE
1.4, 29.2,7 0.7, .
0,0,005 200,.A. 500.Al. 0.8,972

335 135

0.0, 0.C0.5485 1.0.736 330.3.1 15.A 1296100, t 187.9,731
123.7.6 15.ft. 76.7Z112 298°0.5 1., (0 ,OC.0 , 1~n2 P,.P,02 7425 1.0,736 330o3,1 7,,5, i296 109.rn. 187.9,731 ?

123.76 7.5. 76.7.1128 298. 5 0.25

O.0.0004 0.0. 1.0,736 330.31 0..0, 1296100. n, 187.9,731

j 123.7,6 q.0, 76.7.112 298.(.5 f..l

gI
V 

' ---

N I

It

gI
g:I

" ~1t

11

NI
,: - I


